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SYNOPSIS 

There have been several detailed studies reported in the 
literature of ionic conductivity in oxide glasses pairticularly 
silicate glasses and alumina silicate glasses containing signi- 
ficant concentrations of alkali ions. In the present work we 

have explored the effect of lithixjm ion content on the conduct- 

- 1 - 

ivity of some silica based glasses both in virgin and Li 5 =^ Ag 
ion exchanged states in an effort to optimize the structure and 
composition for possible application as solid electrolytes. Both 
a.c. and d.cv resistivity msasurem.ont s of certain silicate glass 
compositions containing l0-30 mol % LigOand subjected to Li ”Ag' 
ion-exchange treatment in the -bulk form have been made . The 
polorization ( blocking electrode) measurements have been made 
to ensure that the conduction is essentially ionic in nature. 

The ion-exchanged samples exhibit resistivity and 
activation energy values lower than those of virgin (non ion- 
exchanged) samples. A siii table combination of electric'-’, field 
and temperature brings about a further semipermanent reduction 
in resistivity and activation energy values. The typical values 
of resistivity and activation energy in this high conducting state 
are 5o ohm- cm and 0 ,04 eV respectively. Such behaviour is ex- 
plained on the basis of formation of an interconnected silver 
rich phase under the combined influence of temperature and suita- 
ble electric field. The conductivities exhibited by these . . 

materials are comparable to the conductivities exhibited by som.e 
.of the conventional fast ion conducting glasses containing 



vii 


a higher silver concentration than those incorporated in the 
present glass systems by an ion exchanged process. 

Chapter I deals with the brief review of theory of 
electrical conduction ( both electronic and ionic) in glasses. 
Compositional and electrode polarization effects on ionic 
conductivity are followed by a brief review of ion exchange 
process. In the end the purpose and statement of our problem 
have been stated. 

Chapter II describes the experimental parts involved in 
the present work. The preparation and characterization methods 
of glass samples are discussed. The characterization techniques 
include a.c, and d.c. resistivity measurements and differential 
thermal analysis (DTA) , 

In Chapter III results obtained in the present investi- 
gation have been presented. The results of a.c, and d.c, resisti- 
vity, X-ray, DTA, Polarization and density measurements of 
certain silicate glass composition containing 10-30 mole % 

Li 20 both in virgin and Li^";-'Ag'^ ion-exchanged ( in the bulk form) 
have been presented. The various results obtained have been 
discussed, and plausible explanation for them have been given , 

In the last chapter IV the conclusion of present work 
has been given and the scope of futirre work in this field of 
research has been suggested. 



CHAPTER 1 


INTRODUCTION 

Glass is a material of great technical importance. It 
functions equally \’/ell as a carrier of light/ protector of man 
and his inventions, an object of art, or an indispensable tool 
for the exploration of science . Depending upon composition it 
can be made stronger than steel ( Charles 1961) or soluble in 
water, a detector of nuclear radiations ( Kreidl 1956) or the 
source of powerful laser beam (Snitzer 1967) . Certain composi- 
tions are kno^'/n to have either negative, zero or positive thermal 
expansion co-efficients. Some compositions are colorless, 
black or selective in their light transmission properties (Cohen, 
Armistead 1964, Smith), Paramagnetic and diamagnetic glasses 
can also be made depending upon the choice of composition. The 
electrical conductivities can vary from lo” -1-0 Ohm Cm 
with either electronic or ionic type of conduction mechanism 
or a combination thereof being present. It id essentially 
the electrical properties that we are mainly concerned with in 
the present studies of silicate glasses containing 10-30 mole^ 
Li^O. 

The electrical properties of glasses provide interesting 
opportunities for studying glass structure. It has been v/ell 
known for several years that electrical properties of Oxide 
glasses containing significant contribution of alkali ions 



such as Ha' are dominated by alkali ion motion within the glass 
neta-iTork. In fact ionic transport has been the subject of 
study since^ 1984 whenVsrburg showed that sodium can be trans- 
ported through thuringer glass from one sodium— amalgam bath 
to another by the application of a D.C. voltage across the 
glass envelop. There has been several detailed studies of ionic 
conductivity in network forming glasses particularly silicate 
glasses ( Charles 1963) and al-umino silicates ( I sard 1959) contai- 
ning alkali modifiers but the best conductivities achieved are 

—7 —1 —4 —1 —1 

about lO Ohm Cm at room temperature and lo ohm cm at 

BOOK, These valu-‘s are too lovj- for the majority of applications 
concerning energy devices. 

1.1,1 SUPER IONIC COi®UCTORS AND SOLID ELECTROLYTES : 

The vast majority of new materials which have emerged 
in the recent years for application as solid electrolytes have 
been crystalline materials he so called superionic solids in 
which structure allovrs fast ion motion along certain crystallogra- 
phic directions. Though the conductivities of solid electro- 
lytes are comparable v/ith those of liquid electrolytes but they 
have distinct advantages over liquid electrolytes which are the 
following: 

(i) No need for container 

( ii) Very high energl?: and power handling capacities. 

Ciii) Longer shelf life 
(iv) High ruggedness 
(v) Wide temperature range of operation. 



The microscopfc mechanism for ionic conduction can be 
understood in terms of hopping of mobile ions beti'^reen neighbouring 
interstitial sites within the structure, Optimim materials 
have a high density of mobile ion species, a high density of 
vacant interstitial sites and a loi-r potential barrier for ionic 
motion between sites. This latter requirement implies a v/eak 
bonding of mobile ion with structural framework as v?ell as 
sufficiently large channels linking mobile ion sites* 

With these requireraentvPin mind it is now worthwhile to 
re-'examine the ionic conductivity of non-crystalline solids. 

These materials have the necessary degree of disorder and can 
be prepared with great filexibility of composition. Thus it 
remains to design a glass framework which allo^relatively un- 
impeded motion of ions throughout the structure . The increased 
disorder of a glass over crystal of the same composition is 
usually associated with a ■-‘'ecreased electronic conductivity 
due to decreased overlap of neighbouring electronic states. The 
^■’i'’'.order also imooses a distorted co' ordinr ivion geometry which is 
less formidable with covalent bonding thereby forming an increased 
ionic mobility. Thus these general properties point to higher 
ionic transference number in glasses. 

From practical stand point the electric properties of 
glasses are isotropic unlike crystalline solids, thereby avoiding 
the problem associated with grain boundaries in crystalline 
ceram.ics , Most importantly it has been found that in nearly 



all cases examined the glasses exhibitgreater. ionic conductivity 
then their crystalline counterparts. This has been found to be 
the case for silver ion ( Minami et. al. 1977) , halide ion ( Leroy 
et.al 1978) * alkali ions ( Levasseur et al 1978) , sulphates 
(Smedley et. al . 1978) and oxides (Glass et.al. 1978) conducting 
glasses. Hovrever it is not possible to extend this ccmparison 
to the superionic conductors such as Na-3 -alumina since glasses 
of these compositions have not yet been successfully m.ade . 

1.1.2 PAST ION CONDUCTING GL?.SSSS ; 

The concept tliat some of the best crystalline solid 
electrolytes like iC*c, -Agl (Shahi 1977) and ^'Al202 ( Yao and 
Kummer 1957, Sudworth 1984) involve open channel structure and high 
degree of disorder of the mobile ions/ has prompted investigations 
of glassy solid electrolytes ( Tuller et, al. 1980) . The signi- . 
ficant development in rapid quenching techniques has resulted 
in production of alkali meta-niobates and metatantalate glasses 
having conductivities many orders of magnitudes higher and fairly 
low activation energy ( 0^4 eV) than corresponding crystalline 
phases. Greater plasticity, isotropic conductivity and absence of 
grains are distinct advantages of fast ion conducting glasses 
over crystalline superionic solids. 

Most of the fast ion conducting (PIC) glasses are based 
on composition derived from Agi which itself is a fast ion conductc 
in crystalline form. Highest conductivity is exhibited by PIC 
glasses based on silver ion migration. Very few of the PIC's are 



based on SiG 2 as network former because of the probiom of silver 
precipitating out as metallic silver agglonerates during the 
molting process ( Reibling 1971) , Large concentrations of 
silver ions in silica based glasses has been# however/ achieved 
(Frischat 1976) by sxibjecting glass fibres to alkali ions,= 'silver 
ion exchange treatemnt at a temperature well below the glass 
transition temperature. This work has been lucidly reported by 
Chakravorty and Srivastava (1972), The silver rich layers produced 
by an ion exchange reaction are usually only a few tons of micro- 
meters thick ( Collins at. al. 1966) . 

In the following section v/e briefly review the theory of 
electrical conduction in glasses both electronic and ionic type 
of conductivities along/zith their mechanism. 

1.2. ELECTRICAL CONDUCTION IN GLASSES : 

In order for a current to flow in a glass/ charge must son 
how be transported. Electrons ;may move through the system in one 
of the two ways. Either by moving with nuclei in which case ionic 
conductivity occurs/ or by becoming detached from one atcm and 
moving to another/ in which case electronic conductivity is 
present. It is also possible of course that both the ionic and 
electronic processes occur simultaneously. The transfer number 
Tx = '^x/^T e 2 <P^GSSes the fraction of total conductivity contri- 

buted by each type of charge carriers. 

1.2,1 ELECTRONIC CONDUCTION t 

Though in the present v/ork we are not mainly concerned wi' 


the electronic conduction as such, yet since it is always 
present, though masked by ionic conduction in silica based 
glasses and certain other amorphous materials and still other 
crystalline materials the so called superionic solids, and 
in certain classes of materials like chalcogenide glasses 
and transition metal oxide glasses it is the electronic 
conduction which dominates, the brief reviev; of theory of 
electronic conduction in glasses is inevitable. 

Every transparent material must of course be associated 
with a band structuire , Hov/ever th^ nature of bandgap in 
crystalline and amorphous material is not the sam.e. The 
presence of disorder in amorphous materials causes the tailing of 
states' 'into gap • at the band edges ( Mott 1979) , The potential 
fluctuation an short range order, such as band angle distortions, 
leads to tailing of states in the band gap ( Fig, 1,1) . 

Another cause of band tailing can be the occurence of 
short-range disorder in non-bo.nded atom distances. This is 
particularly important for chalcogen atoms ( Group iv elements) 
which have one non-bonding p-like orbitals ( forming the top of 
valence band) , in addition to two predominantly P like bonding 
orbitals per atom. If tvra such atoms are forced close to each 
other in the random network the interaction between the non- 
bonding lone-pair orbitals causes the energy of such states to 
be raised, again producing tailing of states from the valence 
band edge into the gap. The result of all these effects gives 
rise to the Cohen-Fritzsche-Ovshinsky 1969, model for density of 
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Fig. 1.1 A true gap in the density 
of states with some 
band tailing. 


Fig. 1.2 Cohen -Fritzche- 
Ovshinsky model 
of overlapping val- 
ence and conduction 
band tails. 


x: 

gi 



Fig. 1.3 The energy configuration in a glass. Solid lines 
indicate energy without field. Dashed lines 
indicate energy with applied electric field. 



states in tho gap of an amorphous multicomponent chalcogenide 
semiconcauctor ( Pig, 1,2) , In this/ the band tailing is so pro- 
nounced that the tails arising from the valence and con- 
duction bands actually overlap in the midgap. 

The iiaportant point about the states in gap/ which are- 
the consequence of disorder, • is that the electrons may become 
localised i.e, spatially confined to the vicinity of pre- 
dcminantly a single atomic site. The occixrence is more 
probable the greater the degree of disorder in the potential 
experienced by the electrons, and so is more likely in the band 
tails, since these arise in general from the most distorted 
sites. The estimation of degree of disorder necessary to 
localize, say, all states in the band, having at our disposal 
means of distinguishing between localized and extended states 
will not be discussed here and can be referred to as in some 
book' .dealing with amoirphous semiconductors. 

For a particularly useful example let us consider the 
case of Ge (Grigorovied ,• 1969) . Starting with a perfectly 
periodic structure in which all states are the normal band ■ 
states with clean band-gap. As a small amount of disorder is 
introduced, the number of. band states decreases and localized 
states are formed having energies at the top and bottom of the 
band. As the amount of disorder increases more states are split 
off from the band and form localized states. Finally if the 
disorder is sufficient, all states will be localised ( Anderson 
1958) 



1.2.2 TRANSPORT ; 

now consider the problem of transport in a disordered 
lattice. Three regions have been recognized (a) band con- 
duction as in crystalline materials for electrons v/ith energy 
greater than the conduction band edge since such electrons have 
extended wave functions (b) thermally activated hopping among 
localized states for electrons below conduction band edge, and 
(c) a diffusion mechanism for electmns with energy just above 
conduction band edge (Anderson 1958) , 

Coming under close scrutiny amorphous solids have been 
found to obey in some cases, physical I'^ws .quite distinct 
frcm those of crystalline solids. Particularly notables are 
Mott's exp ( T "^4 j conductivity law for some amoirphous semi- 
conductors at lov7 temperature and linear heat capacity of many 
glasses at low temperatures. . • • 

The most important mechanism which seem to occur in 
a glass material is the one due to hopping. This may be under- 
stood by considering a localised electron on one site and 
second site nearly having a slightly different energy. For 
the electron to hop' it will need to gain or loose energy from 
thermal vibrations, A second hopping region may exist if the 
sites are extremely close together. Then the electrons may 
desire to localize itself on two sites vjith the lattice pola- 
rization then surrounding both the sites. 

For hopping of an electron between two sites, we find 
that the transition rate will increase as the sites come closer 



together. The transition rate increases exponentially with 
activation energy for transition also increasing. If the binding 
energy is small/ this increase may not come until' quite high 
temperatures. Finally in the high temperature region./ the 
activation energy will be smaller for closer sites than for 
more distant sites, 

- / 4 . 

1.2.3 MATERIALS : 

There is no agreement at present time as to the conduction 
mechanism in amorphous materials. Indeed different ejjperiments 
appear to give conf.licting results. One aspect, common to. most 
amorphous material is that the conductivity is insensitive to 
small amounts of cation impurities ( several percent) / in marked 
contrast with the situation in carystalline semiconductors/ where 
impurities/ in parts per million range/, cause orders of magnitude 
change in the conductivity. This is frequently attributed to the 
ability bf amorphous materials to satisfy the bond requirements 
of the impurities ( Mott. 1957) , It may also be a result of 
the effects of the impurities being swamped by defects produced 
by. the amorphous state. 

The most frequently studied amorphous materials v;hich 
exhibit semiconducting propeirties fall into one of the three 
categories 

1 .2 .3 .1 ELEMENTAL AND CHAIjCOGENIDE GLASSES : 

The elemental glasses include mainly Ge /Si /As/Te/C/B/Sb 
and Se ( Davis and Shaw 1970) and the chalogenide glasses include 



compcoinds containing group VI elements such as S/Se and/or Te 
(Pearson 1964) The glasses based on cadmium arseni<3® probably , 
also belongs to this category because of their similar behavior. 

The d.c,- conductivity expression for these material is gi.ven 
by t 

a ~ ^ ~ 0/kT ) .. (1.1) 

v/here o^r the pre-exponential factor and Q,- the activation 
energy, are temperature dependent parameters. 

The high temperature die, conductivity in elemental and 
chalcogenide glasses is attributed mainly to the excitation of 
carriers across the forbidden gap. In amorphous Ge and Si the 
measured activation energy drops with decreasing temperature. 

This drop is generally attributed to the hopping of carriers in 
localized states near the centre of the gap. These states arise 
from the overlap in the localized tails from the top of the valence 
band and bottom of the conduction band. 

The a.c, conductivity in the elemental and chalcogenide 

glasses in which cases it has been Cbmprehensively investigated 

is found to have two regions/ one proportional to w and the 

2 , ^ 

other at higher frequencies to , where w is the frequency. 

In chalcogenide glasses conduction has been described 
as ocenring in an energy band as in crystalline semiconductors 
( Mott 1969 ) . Pritzche has proposed a heterogenous model which 
states that the regions in v/hich mostly holes are localized are 


different from regions in which electrons are localized. He 
proposed that there are three kinds of electronic states: Those 
localized in regions^ channel states that extends through the 
material/ but are excluded from certain regions and extended 
states for which electrons have a fenite probability of, appearing 
anywhere in the material. A random phase model of conduction 
band has also been proposed by Hindley (I 97 I) , 

1.2. 3 .2 TRANSITION liETAL OXIDE GLASSES : 

They include in particular the oxides of vanadium/ tita- 
nium and iron ( Mackenzie) . The semiconductivity of these 
glasses is generally considered to arise due to hopping of carriers 
for one strongly localized state to another. The tv70 states are 
the two valence states of the transition metal ion. However 
there is little agreement as to whether the conduction in these 
glasses is by normal band conduction or by motion of a polaron 
(Adler 1968) . 


The conductivity for these glasses is given by ( Mott 
19.68, Austin and Mott 1969) : 


a 


a = 


„',ph 


e c(l-c) 


exp (-2 ^(jR) exp , -< 


kTR 


kT 


'2r' ; (1,2) 

ji 


where is the phonon frequency, c is the ratio of the 

concentration of the- ions in lower valency to the total concen- 
tration of the transition metal ions, is the rate of decay 

of wave function, R is the average hopping distance, is the 
polaron hopping energy and Eq is the energy disorder. 



1,2,4 ELECTRONIC SWITCHING: 

The switching devices that use amorphous semiconductors 
are much' simpler in structure, easy to fabricate, more versatile 
in performance and cheaper to produce than their crystalline 
counterparts. The greatest attribute of these devices is 
their capability to display memory sv/itching in addition to 
threshold switching which cannot be achieved by any of the existing 
devices using crystalline semiconductors. 

Basically switching consists of a transition from a state 
of high resistance ( OFF) to one of lOW resistance (ON) , the 
transition being generated by the application of a specific 
voltage named threshold voltage Vth. The difference in the 
threshold switching and memory sv^itching lies in the fact that 
in the latter, once the current is suppressed the state of low 
resistance still remains. In other words, no holding voltage is 
required once the device is switched ON, It will remain in its ON 
state till another reset pulse is applied to change its state 
from ON to OFF, This effect has been explained on the basis of 
formation of crystalline filament which forms because of the 
joule heating of the amorphous m.-iterial ( Tana]ca et. ali/1970) , 

1 .3 IONIC CONDUCTION IN GLASSES : 

Ionic conduction is well known in crystalline solids 
(Salamon 1979, Chandra 1981) , ^nd both cations and anions can 
carry currents in certain circumstances. Materials are called 
super-ionic materials with conductivities comparable with that 



of liquid electrolytes (*^10 ' -• lo”^ Q ^cm '*’) , the mechanism 
giving rise to the ( super) -ionic conduction may be either of the 
point defect or the molten sublattice type / in the former/ 
transport is through thermally generated frenhel or Schotthy 
defect pairs and conduction is therefore thermally activated/ in 
the latter the number of ions of a particular type is less than 
the number or available sites in their sublattice and therefore 
a large n’umber of ions are able to conduct with lower activation 
energy than for the defect process , ■ 

Although in many .non-metallic amorphous solic^ c\arrent is 
carried by electrons/ discussed in section 1/2.1, in others 
contQ.ining a relatively large proportion of ions/ particularly 
ionic conduction may make a significant/ even dominant/ contri- 
bution to the total conductivity. Since many glasses based par- 
ticularly around the silicate compositions/ often do contain a 
large amount of alkali ions/ the likelihood of ionic conduction 
is obviously quite high/ and we will therefore discuss this 
im.portant form of conduction in what follov/s , 

The ionic conductivity results from the long range 

migration of change carriers through the glass network under the 

driving force of an applied electric field, A simple expression 

* 

for the ionic conductivity may be derived by assiming that the 
ionic motion occurs by field enhanced thermally activated hopping 
between vacant sites in the disordered lattice. The action of 
the applied electric field E is to lower the energy of a site by 
an amount equal to cpa, where q is the charge of the ion and a is 
the inter site spacing. 
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Consider the ion movement in one dimension jumping 

over the potential barrier W(Fig. 1,3). The probability P 

that I'n ion will move to either the right or left is P exp 

v/here <3C is accommodation co-eff jcient related to the irreversibility 
3<T 

of the jump/ is the vibrational fregnency of the ion in the 

v/ell. When electric field E is applied the potential barrier 
to the' ion motion is slightly shifted. The field will lower the 
potential barrier on the side in the direction of the field and 
raise it on the other..s'idG by an equivalent amount. If the distance 
between the tvjo wells is b the potential on the right side will 
now be smaller by an amount ZeEbC^'^' Pb), where ZeE = Enforce 
on the ion and Z is the valence of the ion. Therefore the pro- 
bability of the motion to the right as per the Figure (1.3 ) , 




Consequently the positive transition will be more frequent 
than the negative and there will be ah a^/erage drift velocity to 
the right in the field difeetibh; The mean velocity of the drift 
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motion is : 


b(F‘^ - p") 

-1 

= ~ bP 'J 

Pb 

exp 

-Pb 

- exp — “ 


2 

2kT 

2kT 

bP Sinh' — 
2kT 


• • 

(1.5) 


From the above result as long as the field strength is much 
1 

smaller iih'an' hT i,e« — Pb then Sin'-, can be replaced by 

the argument and the diift velocity can be expressed ass 


V 


b;_ 

2kT 


( 1 . 6 ) 


In other case whore very large field strengths exists^ 

•• IdP 

the first term in Sinh will dominate and V = Constt, exp ♦ 

At room temperature bF is small compared with KT upto field 
strengths of lOV/Cm. Therefore the current will be proportional 
to the field strength in agreement with the Ohm^s Law^ 


J 


nSeV 


= nZ e 


b^PP 

2kT 


2 2^2 
_nz G b _ 

2 KT 


(1.7) 


vrhere qp2e/ n = no , 


P 



-W 

exp 


of ions/cc 


and substituting, 
dc 


and W 


N 


where AP^^ is the change in free energy for dc 


conduction in K- ilo- calories per mole and N is Avagadro number ^ 6 .023^ 
n 2 2 lo^ 


n 


so 


J = 


..b . .E 

'■ 2h 


AP 


exp ( 


-"".dc 


RT 


) 


(1*3) 
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Therefore the electrical resistivity of the glass: 


R = 


E _ ■ 2 h 

j - 

n z e b 


exp 


+ 


dc 


R-] 


or 


Log R = log 


'■ 2h ■ 

•'T T’"TT2” 

n z e b 




^P 


dc 


RT 


(1.9) 


which is identical to log ? ' = 


T 


A variety 


O': glass systems are known to behave according to this equation, 
1.3.1 IONIC CONDUCTIVITY - ELECTRODE POLARIZATION : 


Ion transport v/ithin the glass under a dc potential 
eventually leads to the build up of the charge at the glass 
electrode interface if the ions are not replenished at the electrode 
This phenomenon is termed electrode potarisation and it can dras- 
tically affect the magnitude of dc conductivity measured. Three 
regions of ionic conductivity are generally seen when conductivity 
of a topical silicate glass is plotted versus time v/hen a fixed dc 
voltage (^Iv) is applied to the sample. 

At very short times conductivity increases due to various 
dielectric contributions. At Very long time inteirvals the cond- 
uctivity decreases indefinitely owing to the fact that the mobile 
cations pile up at the electrodes which results in an induced 
back field. The back field concentrates the potential drop in the 
electrode region C Proctor and Sutton i960) . The back field builds 
up indefinitely as time progresses resulting in a continuous decrees 
in glass conductivity. 



It. is thu$ evident that d.c. conductivity is dependent 

on the time inte.rval at Vv^hich the measurement is made. At 

higher temperatures when the conductivity is in the range of 
~5 —1 -1 

> lO ohm cm electrode polarization occurs so rapidly 

10 sec.) that measurements of actual conductivity beccmes 
quite difficult. There are three possible v/a^-'s to solve the 
problem of accurate experimental measurement of d.c, ionic con- 
ductivity posod' by e.lectrode polarizration . 

1 , To conduct the a vs t curves at each temperature to 
ensure that measurements are made ne-ither at ve3ry short 
time interval nor at ver^^ long time intervals . 

2, It is possible to use non blocking electrodes which 
provide a source and sink for the mobile ions , 


3 , Another approach is to calculate the current flow 
required to produce the back potential necessary to 
decrease the conductivity of the glass to a given . 
fraction of its true non-blocked value. Kinser and 
Henclh (1969) have shown that the back potential due 

to the polarization charge per unit area/ q/ is simply 


Oi 


(l.lo) 


_ ^<3 

^ Mr « • ■* ^ , 

^ 2€eo 

vrhere €. is the permittivity of the glass/ d is the thick- 
ness and is the permittivity of free space. The charge 

f 

to form the back potential can be related to the current flow 


as : 


2 


Jt 


( 1 . 11 ) 


-Ly 




J dt = 


The current/ J , required to form the back charge is 
directly related to the applied potential/ V^/ and the conductivity 
of the glass/ as J = Vg^a . With this valxie of J the expression 
of becomes : 

% = ( 1 . 11 )' 

1.3.2. COMPOSITION EFFECTS ON IONIC CONDUCTIVITY : 


In nearly all investigations ( Owen- 1963/ Taylor 1956/ 
Moore and Dilva 1952/ Seddon et. a)* 1932) in silica based glasses 
with alkali ions as modifiers it has been seen that conductivity 
increases until a range of 20-3o mole % modifier is reached 

after which effect beccmes progressively lesser. The range 

1 $ 11 7 1 •••1 

of conductivity is lO ohm” cm” to lo” ohm” cni” at room 

temperature. The relative effect of alkali type on con- 
+ -f* + 

ductivity is Na > Li > k . The addition of only parts per 
+ 

million of Na ions is sufficient to drastically incarease the 

conductivity of fused silica and the conductivity is directly 

* 4 ” 

related to the Na ion content ( Owen and Douglas 1959) •, 

/ • 

Substitution of AI 2 O 2 for Si 02 in alkali silicate glasses 
is very interesting ( Isard 1959) , As the AI 2 O 3 content in- 
creases the conductivity increases and activation energy for 
conduction decreases. This .behaviour appears to be associated 
with the Aluminium Ion entering the netxijork in four fold co- 
ordination reducing the number of nonbridging oxygen ions. The 
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nonbridging oxygen co-ordination shell about the sodiim ion 
must be decreased v/hich could serve to increase the alkali 
ion mobility, 

1.4 GLASS TRANSITION : 

The glass transition is a phenomenon in which a solid 
amorphous phase e^'hibits a more or less abrupt change in 
derivative thermodynamic properties ( e,g, heat capacity or 
thermal expansivity) from crystal like to liquid like values 
v/ith change of temperature. Waen a liquid is coole^ it may 
either crystallize at the molting point or may beccM®e super- 
cooled becoming more viscous with decreasing temperature# and 
may ultimately form a glass. The temperature which separates 
the super cooled liquid from the glass is generally taken as 
the glass transition temperature Tg, Although it appears 
that Tg defined in this way is a precise temperature# in fact 
this is not so# it depends on the rate of cooling of the 
supercooled liquid. It is foimd that the slower the rate of 
cooling# the larger is the temperature region for which the 
liquid may be super cooled and hence the lower is the glass 
transition temperature. Thus the glass fransition tempera- 
ture of a particular material depends upon its thermal history 
and is not an intrinsic property of the material. The actual 
value of the glass transition temperature may vary by as much 
as 10-20% for widely differing cooling rates. For silica 
based glasses# the change in Tg for different cooling rates 
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may be as much as 100--200K for values of Tg In' the range of 
o00*-900K, An expression relating Tg and the cooling rate q 
can be derived using free volume theory ( Owen ) , . 

q = exp [ - 1/c (l/Tg - l/T^^)] .. (1.13) 

where c and are constants for the specimen . 

Certain thermodynamic variables ( Volume/ eniatjpy/ 
enthalpy) are continuous through the glass transition /..but 
exhibit a change of slope there. This implies that at Tg ' 
there should be a discontinuity in derivative variable^/ such 
as thermal expansion = ( SlnV/lfeT)/ compressibility b 

•^33nv/^P) T and heat capacity = ( i^H/^T)^. This is indeed 

the case. The value of heat capacity shows discontinuity at Tg, 
Below Tg the heat capacity is considerably smaller than liquid. 
The above discussion suggests that the glass transition is a 
manifestation of second-order phase transition. Nevertheless 
the phenomenon of glass transition is very complex and no single 
theory has been advanced whic±i is capable of accounting for all 
its aspects, 

1.5 ION EXCHANGE : 

Glass placed in contact with a medium containing mono- 
valent cations/ such as a fused salt or aqueous solution, can 
exchange monovalent ions in its matrix with the cations of the 
medixm. An exchange cation normally has a different mobility 
from the original ion. Therefore as interdiffusion proceeds 
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one ion tends to outrun the other and and electrical potential 
IS built up. Hovw’ever accompanying this change is a potential 
gradient tnat slows down the last ions and speeds up the slow 
onea , To pro servo the charge neutrality the fluxes of the 
two ions should be equal and opposite and the potential gradient 
ensures this in spite of the difference in the mobility of the 
cations. 


The silver rich layers produced by an ion-exchange 
reaction are usually only a fev7 tens micrometers thick C Collins 
et. al, 1966) . The present investigation has 'been caru'ied out 
on the bulk samples of the dimension of 2 mm each side ( Fig, 2, -2) 
using^^^olten silver nitrate as the ion-exchange medium, at tempera' 
ture 33o°C for 43 hours, 

1.6 STATEMENT OP THE PROBLEM : 

As we have discussed in the previous sections that it 
is possible to incorporate silver ions into silicate glasses 
by alkali silver ion exchange reaction at a temperature 
well below the glass transition temperature [ ] . On 

ion-exchange at temperature around 33o°C and duration ex- 
tending to 48 hours the silver rich layer is found to be only 
a few tens of microns thick. Large concentrations of silver 
ions can be incorporated in SiO^ based glasses by subjecting 
the glass fibres to alkali ?=:^silver ion-exchange/ glass fibres 
having dimensions lO microns ( Chakravorty and Srivastava 1980) , 
Micro structural studies have revealed that the virgin glasses 



have a two phase structure with the dispersed phase ri-ph, ah ’.alkali 
whereas after- ion exchange have interconnected silver— rich 
phase and silver-deficient phase with disjointed intereonnect- 
ivity. It has been shovjn that in these ion exchanged glass 
fibres-# an optim-um combination of temperature and electric 
field brought about a semi-permanent reduction in resistivity 
and activation energy values [ 7 ] . 

'In the present work we have investigated the exchange of 
Li ions by Ag ions with a view to confirm the -two phase micro- 
structure in glass samples in the bulk form. 

That the conductivity and switching which we observe 
during the course of the work is essentially ionic in character 
or not, the polarization experiments have been carried out and 
it has been found convincingly by blocking electrode meas'ure— 
ments that it is the ionic migration which constitutes the 
major part of conductivity and is responsible for high conducting 
state i .e . switching effects are due to formation of inter- 
connected phase between silver rich pnase and silver deficient 
phase , . 

The present work explores the possibility of generalizing 
a high ionically conducting state in silica based glasses 
containing 10-30 mol 1o Li 20 and subjected to ^ Ag'^ ion 
exchange treatment* 


CHAPTER 2 


EXPERIMENTAL TECHNIQUES 


The experimental set up involved in this present work 
from preparation of glasses of various compositions to character- 
isation techniques employed is our concern in this chapter, 

2.1 PREPARATION OP GLASS : 

The glasses of various compositions in the present studies 
are prepared with the conventional melting and annealing processes 
The compositions investigated are given in the Table 3,1, The 
base material is Si 02 and Li 20 , 6203 ^ CaO^ ^® 2°3 

are other oxides introduced, Li 20 , B 2 O 3 and CaO are added as their 
re spec tive carbonates . 

All the starting materials such as Si 02 -f bi 20 etc. are 
mixed in appropriate proportions, and ground in pestle and mortar 
in a batch of lOO gms. each. The ground material is melted in 
alumina crucible using an electrically heated furnace at a tempera 
ture ranging between 1000«C -1200®C fortiryo hours. In the mf>an- 
time it is stirred with a glass rod to make the melt homogeneous 
and bubble free. The melt is poured onto an aluminium mould and 
subsequently annealed at 500®C for four to five hrs. Now the 
glas.s is ready for sample preparation for various studies. 

2 ,2 SAMPLE PREPARATION FOR ELECTRICAL CHARACTERIZATION t 

For electrical measurements the glass pieces of_ the size 
•f lO mm X lorfimx 2mm and of dimensions of 2 mm x 2mm x 2rnm for 



ion-exchange purposes are cut and polished using the silicon 
carbide grit of different mesh sizes ( 100,24o, 320/ 400/ 600 
and 800 respectively) . The dimensions of the speeimens are 
accurately measured by a micrometer ( MITUTOYA itAKE) . Two oppo- 
site faces of the samples are eletroded with silver paint ( 

India) and put in the conductivity cell for the resistivity versus 
temoerature measurements. The conductivity cell consists of a 
stainless steel jacket within vrhich is enclosed an electrode 
system. Two rectangular stainless steel plates, which act as 
electrodes by sandwiching the sample in betv/een them, form the 
electrode svstem. The electrodes pass through the glass tu.bings 
which have spring arrangements so that electrodes can be moved 
up and down as par the dimensions of the sample. The lower 
electrode is supported on an alumina substrate which itself is 
attached rigidly to the main structure of the cell. The two 
electrodes are "well shielded by metallic shielding. The central 
rod form the spinfLl cord of the conductivity cell which imparts 
strength to the whole structure. Figure 2,1 is the schematic 
representatioh of the conductivity cell. 


A chromel-aliamel thermocouple is fitted near the rectan- 
g>aar to moa.uto the tempor^turc, of the sample. The upper 

end of the jacket is closed with a teflon disc. 


The whole assembly is put in a furnace which can go upto 

n-f + l^c. INDOTI-iERl'l-40l ( Indo therm Indust- 
500® C with an accuracy or + • 

ries Pvt. Ltd.) temperature 

the temperature . 


controlled has been used to control 



iplc- 


Fig. 2. 


oE, 


OE2 
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Thcrmocoupic 

Thermocouple holder 

Central rod 
(Common ground) 

Stainless Steel cell 
body 


Stainless Steel Plate 
(Electrode) 

Alumina Substrate 



Electrode wire 


Pyrex tube 


Metal Shielding (common ground) 


Stainless Steel plate 
(Electrode) 


1 Schematic view of the conductivity cell. 
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2,3 D.C. RESISTIVITY MEASUREMEIslTS : 

■t'ig. 2,3 schematically represents the circuit diagram 
used for the measurements of I—V characteristics of differont 
glass saruples. The sample and the standard resistance are 
in sern'is with a 3o volt 2 5mps , D,C, regulated pov/er supply 
(.RPLAB MODEL 7152) . The potential drop accross the standard 
resistance is fed to the Y axis on XY recorder ( No. 2000, 
made by Digital Ele;ctronics Ltd., India) and that across the 
sample to the X axis of the recorder. By changing the 
applied voltago by the power supply the I—V characteristics 
■-’re automatically dra^Am on XY recorder of the sample . 

The I-V characteristics are dravm at temperatures 
from room temperature to 3 5o^C v/ith an interval of 25-3o°C , 
Before making measurements the stability of the temperature 
is ensured. 


Several I-V characteristics are drawn by changing the 
standard resistince at each temperature. 

2.4 A.C. RESISTIVITY MEASDREMEIITS : 

A.C, measurersents consist of measuring capacitance 
and dissipation factor at different frequencies for each 
temperature. The Qcneral Radio GR 1615 transfoimer ratio 
arm capacitance bridge with GR 13106 oscillator bench and 
GR 123 2 tuned amplifier and a null detector are used to measure 
the capacitance and dissipition losses. The frequency range 


Virgin Glass 


^ lon-exchonged 
(Silver- rich Layer) 



Fig. 2.2 Schematic representation of the morphology 
of ion-exchanged sample. 


Power Supply 

+ - 

^ 



X-Y 

Recorder 





f- j \////A 

‘1 • AMAAAAr • I ■ 

I 1 C\\ 

Re si stance box / Sample 

Electrode-^ 


Fig. 2.3 Schematic circuit diagram for DC Resistivity 
measurements. 
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is from lOO Hz to lOO Miz . 


The resistance is calculated from the relation 


tan 5 


( 2 . 1 ) 


Since - = G 


G - ooC tano 


( 2 . 2 ) 


where R is total Resistance/ G is conductance and tano ; 
dissipation factor and C is capacitance at the frequency co. 

The complex impedance can be shovm to be 


z Z' - iZ' 


^2 2 ^2 
G O C 


-- (2.3) 


2 2 2 
G + Ci) C 


Here we see - 


^2 2 1 
G -I- 0) C 


( 2 . 4 ) 


^ 2^2 .,2 
G + OJ C 


(2.5) 


If we eliminate co between ’ equations (2.4- and 2.5 ) we 
obtain the expression: 


Z'^ + Z''^ 


0 .. ( 2 . 6 ) 


1 

which is the ecruation of circle with centre ( , 0 ) and 

2 G 

.1 


radius 
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So by knowing the radius of the circle we obtain the 
value of d.c. conductance/resistance of the sample and that 
value is converted into resistivity by modifying with the 
sample dimensions. 

'^dc ~ ~ ^dc ** •• (^'.7) 

where A is the area of cross section and t is the thickness 'of 
the sample. 

1 

The log-i^ VG . curve is plotted and activation energy 
value Q is calculated by using the well knov/n relation: 

P = P exp .. .. (2.8) 

kT 

where Q is activation energy/ P^ is the pre-exponential factor/ 
k is the Boltzmann's constant/ and T is the absolute temperature, 

2 .5 SAIiPLB PREPARATION FOR ION EXCIIANGE : 

Well polished and cleaned samples of the dimension 
of about 2 mm x 2mm x 2 mra^are kept in a pyrex boat containing 
molten silver ni'trate at 33o^C for 48 hours in an electrically 
heated, furnace. After the ion exchange the glass samples are 
washed thorcughly and boiled in water for 2-3 hours to. ensure 
the elimination of any silver nitrate sticking onto the sample 
surfaces. Finally Scmples are washed in acetone/ dried and kept 
•:n a desiccator. Pig 2.2 shows schematically the ion exchanged 
portion of a glass sample . 

The electrical resistivity measurements for ion exchanged 
samples are done exactly in the same manner as for the virgin 
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glasses discussed in section 2.3 and section 2.4. 

2 .6 X- RAY ANALYSIS : 

The x~ray diffractograms for the vaxious glass systems in 
the virigin/ ion— exchanged and switched state^ respect ively^ have heen 
taken after throughly grinding them in an agate moPQr to a vejcy 
fine particle sise (r^lo I'm) . "Rich Seifert 200 2 d Isodebye Flex 
diffractometer' v/ith CuKx radiation ( wave length 1.542 A=) has 
been used to record the x~ray diffraction pattern of the glass 
systems at a scanning speed of 3^ per minute with counter position 
(20) from 5'-^ to 90’. 

2.7 DIFFERENTIAL THERMAL ANALYSIS : 

The knowledge of glass transition temperature is very 
important for us,-, since all ion exchange is done v;ell below this 
temperature., Differential thermal analysis is a reliable and useful 
technic-iue for this purpose. It consists of measuring- temperature 
differences between a samp3.e and a standard material as both are 
heated or cooled at a constant rate. The temperature difference 
between the two is measured by a thermocouple in the form of 
EMP. The standard saraple is so chosen that (i) it does not 
undergo phase transitions in the temperature range of interest 
so that there is no ambiguity of the origin of the observed 
he-^ effects (ii) it has nearly the same heat capacity as the 
sample., thus minimising the drift of the differential EfiP and 
(iii) it has nearly the same density as the sample, in order 
that volumes of the sample and Standard specimen are comparable. 



in the present studies Alumina AI 2 O 3 has been chosen as the 
standard material. 

When neither the sample nor standard specimen undergo 
a phase trcmsition both will be at the same temperatvire and 
there will be no signal from the differential thermocouple. 

If however, sample undergo a phase transition heat v/ill be 
absorbed or released as per the transition is endothermic or 
exotherraic , This v/ill result in decrease or increase of the 
temperature of the sample respectively and will be recorded by 
differential thermocouple. 

When the glass transition tabes place, heat is 
absorfjed vj’hich causes the temperature of the glass sample to 
decrease as compared to the standard specimen AI 2 O 3 . The 
differential EMP is recorded by DTA processor directly in terms 
of temperature difference on a curve AT vs . T . 

where AiT is the difference in the temperature corres- 
ponding to differential thermal EMF . 

2 .8 BLOCKING ELECTRODE ^lEASURE-MENTS : 

Wagner's (1955) assymmetric polarization cell technique 
has been used to distingu.ish betv/een the ionic and electronic 
conductivity type. The silver paint (nPL, I ndia) on one face of 
the samp)lo serves as the reversible electrode and replenishes 
the silver ions v/hereas the graphite paint ( Poloxon /equipment Ltd 
England.) acts as the blocking electrode . on the other phase 

of the sample. 
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The cell Ag/High conducting glass system/c’’" is clamped 
in the sainnle holder, A small polarising voltage of the order 
of loo mV is applied to the sample in series with a standard 
resistance. The current in the circuit is measured as a function 
of time. As the time lapses the resistance of the sample goes 
on increasing due to polarisation of the sample resulting in 
continuous increase of voltage drop across the sample. Therefore 
current in the circuit decreases with time. This variation is 
recorded by xy recorder, (Fig. 2.3) . 
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CI-iAPTER 3 

RESULTS -AND DISCUSSION 

The various compositions investigated in the 
present x^ 7 or]c are given in Table 3 ,1 . The results obtained 
on investigation o.f these compositions using various techni— 
ernes such as electrical. X-ray Diffraction Analysis, DTA, 
Density Measurements respectively form the subject of 
this chapter,. Various results for virgin ( without ion 
exchange) and ion exchanged glasses ( both before and after 
sv/itching) have been discussed in keeping vrith the previous 
studies carried out on silicate glasses. The virgin glass 
systems are referred to as G1 ,G2 etc. The ion-exchanged glas: 
systems before switching are referred to as iIGl, .IG2 etc. 
and the. high conducting glass systems after s\-ritching are 
referred to as HlOl , KIG2 etc. as per the compositions, 
givin in the Table 3 .1 , 

i *< 

3 .1 X-RAY ANALYSIS : 

The X-ray diffractograrns for the various glass 
systems have been taken in the virgin# ion— exchanged and 
switched states respectively with counter position (^) from 
to 90'’ and at scanning speed 3= per minute. 

A broad peak is observed v/hich indicates' that all of 
them are amorphous. 

Figure 3.1 to Figure 3*3 show th‘e x-bay diffraction 
pattern for the glass systems Gi#G2 and HIG2 respectively. 
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TABLE 3.1 Composition of glass systems 


SI . 
No „ 

Glass 
system 
no . 

Li^O 

CaO 

AI 2 O 2 

Mole % 

B20^ ZnO 


Si02 

1 

Gl 

20 

13 

3 

4 

■mm 

60 

2 

G2 

30 

- 

- 

12 

- 

58 

3 

G3 

30 

12 

3 


- 

55 

4 

G4 

lo 

13 

3 

10 

- 

64 

5 

G5 

30 

- 

- 

9 

3 

58 


TABLE 3 .2 DENSITY AND GLASS TRANSITION TEMPERATURES 




SI. 

No. 

Glass 

system 

no. 

Density 
( specific 
gravity) 

Glass transition 
Tempe rature ( ® C ) 

1 

Gl 

2 ,882 

420 

2 

G2 

2.961 

475 

3 

g3 

2 .8447 

5 I 0 

4 

g4 

2,7145 

460 

5 

GB 

2.916 

380 



Intensity Intensity Intensity 
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Fig. 3.1 X-ray diffraction pattern for glass system G1. 



i,_ .... I I ' \ : 

5 20 40 60 80 90 

20 (degree) 

Fig. 3.2 X-ray diffraction pattern for glass system G2. 



Fig. 3.3 X-ray diffraction pattern for glass system (high 
conducting state) HIG2. 



37 


3/2 DIFirERECTlAL TI-IERMAL ANALYSIS : 

Tho Difforontial Thermal Analysis has been done for 
• ill compositions to find the transition temperatures of 
the glass saifiples. The knowledge of transition temperature 
■is e& .Gntral because bhe ion~Gxchangc is done well below 
the glass transition temperature to ensure that no permanent 
structural changes take place in the glass network and it 
.is only this temperature^^ up to which all our measureraents are 
carried out. The Table 3,2 shov/s the transition temperaturo 
for various glass systems, .. 

Pifjure 3,4 to Figure 3.6 represent the glass transition 
touiperaturer. for the glass systems G1/G3 and G5 respectively, 
3.3 DENSITY MEASUREMENTS : 

The specific gravity measurements have been made usin. 
simple Archimedes principle. Benzene ( Specific Gravity 0.8' 
has been used as the liquid for the measurements. Water is 
not used as lithium-silicate glasses are hygroscopic. 

Table 3.2 shows density (specific gravity) and .glass 
transition temperatures for various glass compositions, 

3 .4 electrical MEASUREMEOTS : 

The AC electrical measurements for the glass systems 
have been carried out as discussed earlier in Section 2.4 
3 nrl D «C ji o Icci'iX'i I ibvg jogsh by irscox*<3.i 

as described in Seetion 2^3 and circuit diagram as shown in 
Fig ^ 2 * 3 , 


AT(®C) AT(®C)- » AT{®C) 


Exothermic 
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Tg 


Temperature (®C) ► 

Fig. 3.4 Differential thermal analysis curve for 
glass system G1. 
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Fig. 3.5 Differential thermal analysis curve for 
glass system G3. 



Exothermic 

Endothermic 


380 

L . 

■ Tg ^ 

Temperature (°C) ■ ► 

Fig. 3.6 Differential thermal analysis curve for 
glass system G5. 


3,41 A.C, MEASUREMENTS: 


Tilt: glass sample is made an arm of a simple Nheats- 
i niit: (.,i,G.) bfidqe , A position of minimum deflection is ■ 
olihnintid on the detector and the corresponding values of 
capacitance C and dissipation factor D ( “ tan 5 ) are noted 
at different frequencies ranging from lOO Hz to lOO KHz. 

Tho impedance analysis carried out in section 2.4 sha^s 
that the real part (z'Ooqu. ■ 2-.,4 and imaginarir part (z" ) 
etfu , 2_,5 of the; impedance fit an equ.ation of a circle 
(o<ni * 2,6 ) ' if \x: eliminate e from the Z' and Z”v?ith the 
centre ( lying on tho Z' axis. The resistance ( 

value is obtained where tho semicircle intersects the Z* axis 
I'h".' poi.nts obtained have actually been found to lie on a 
semicircle. 

The Timire 3,7 to Figure 3.11 represent the complex 

impedance plots ( 2’/ 'versus z') for various' glass'- systems 

TIk; R™ values have also been measured by an electrometer 
dc 

(Sloe Electrometer,' Koithley Instruments) and it has been 
found tl'iat the resistance values measured by the A.C. 
bridgi.' and by the electrometer are in satisfactory agreement 
and liu v/ithin l~2^tf di'ffercnce with each other . This j.3nds 
reliability to our results. values are found with ac 

measurements upto a temperature range above which the bridge 
ceases to balance and resistivity is so low that dissipation 
losses are quite high and exceeds the limit of tho bridge 


which is unity. 
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Fig, 3.7 Complex impedance plot for glass system 
G1(Ts:66®C). 
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Fig. 3.8 Complex impedance P'®* 

ged glass system IG 2 (T = 89.t) 





,2 D.C, MEASUREMENTS ; 


T-V plots for the glass systems are obtained by XY 
rocordcr and dc resistances are obtained from the slopes of 
Iheso cnrvos. At a particular temperature two- three slopes 'l 
are obtained by changing the standard resistance in series 
with the sample and the pov/er supply and final value is 
O'Vtcilnofl with different slopes to make the readings more relia'^ 
bin , 

The resistance is converted into resistivity by multi-'l 

lilvlng il by factor ( — )/ where A is the cross sectional -'J 

t 

are.'i of the sample and t is the thickness, ' 

Thf! rneasurements are made with an interval of IB-SO’C 
from room temperature to around 35o®c , 

The temperature dependence of resistivity in each case; 
being assuraod to follow the relationship. 

P r: P exp ( ) ,» •• C3.1) 

° Ttr 


where P «- resistivity of the sample 
0^^ £.1 Pre-exponential factor 
Q ss Activation energy for conduction 

K — Boltzman constant and T - Temperature in Kelvin. 


1 

Ip. (2^ %Vs ' cuifv6s hBVG bsen found* to be 

lines in each case except composition no. 2 in v;hich a kink 
is obtained in virgin glass system G ' and glass system IG 

^ion axchih’ge'A’ before sx'T'itcbing) 
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Fig. 3.12 Temperature variation of DC resistivity 
for glass systems G1, IGl, and HIGl. 
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Fig. 3.14 Temperature variation of DC r^sist^’^y 
for glass systems G3, IG3 and H1G3- 
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Fig. 3.16 Temperature variation of DC resistivity 
for gloss systems G5, IG5 and HlGb. 



Tho ion mxliangea glass systems of all compositions 

swi’i ch to «} h.i;fh cf'xiducting st?te when we use a particulax* 


amount o£ CMolrl .at n partiaalar temperature. This high conducting 
state In qxKvn cViod by ipplylndr.- same temperature and field at which 


it n-ritchfun . It is seen this state is stable upto about the 
ternporeturei of m-.ritching, 

• Pig, 3 *12-3, IG shov; the plote of logP Vs 1/T for virgin G, ion- 
exchanged (ic:)am,1 high conducting (HIG) glass systems. 


Tablfs 3.3 to 3,7 list the values of pre-ejcponential 
factor atu'i thf .ictivotion energy 0 for each composition sepa- 
rately for vi rcfin (G) t ion exchanged before switching (iG)and lon- 
exchannod arior nvrltcliing (lIIG) states. 


Pigxircs ”’,17 to Figure 3.21 typify the switching phenomena 
observed for f nch composition rospectively- 


3.4.3 : DISCUSS 10?' : 

Th..-' ol;<nerved low activation energy and resistivity values 
as the lithium content increases arise because of the lower 
activation batrier to ionic transport. It has been shown (Stevels 
1957) that the activation barrier to the ionic transport in oxide 
glassejs connicts of two components viz./ electrostatic and mecha- 
niccal. The increasing amount of Li20 results in an enhancement 
of nonbrj.dging oxygen ions and thereby causing more openness o- 
the network ( Rawson 1984) and if the glass network is sufficiently 
open which is the case when enough ions are prest.nt (. valid 
our glass systems) / contribution due to the elastic distortion 
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Fig. 3.19 Switching of glass system IG2 ionexchanged 
at 330°C to high conducting state HIG 2 
(Tc«318.5°C) 
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Fig. 3.20 Switching of glass system IGA ionexch 
anged at 330®C to high conducting stat 
HIG4 (Tc=259.5°C). 
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Fig. 3.21 Switching of glass system IG5 ionexchanged 
at 330°C to high conducting state HIG5 
(Tc=273®C). 
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TABLE 3.3 Activation energy (Q) and pre-exponential ( Po) 
factors for glass composition no, 1 


SI. 

• Glass 

Q ±AQ 

=>o 

no. 

system 


(ohm cm ) 


1 

Gl 

0.7l + 0.20 

1.2 x lO' 

2 

IGl 

0.62 j- 0,23 

5.3 X lO 

3 

HTGl 

O.Ol + o.oi 

10.62 


TABLE 3,4 Activation energy(Q) and pre-exponential (Po) 
factors for glass composition no . 2 




SI. 

No. 

Glass 

system 

Q + 

(eV) 

Po 

(ohm cm 

) 

• 

1 

G2 

1.08+0.13/ 0.43+0.21 

7,03 

X 

10-= 

2 

IG2_ 

0.96+0.24/ 0.19+0.15 

5.5 

X 

lo"* 

3 

HIG2 

0.16 + 0.07 

5.94 




TABLE 3,5 Activation energy (Q) and pre-exponential (Po) 
factoisfor glass composition no, 3,, 


SI. 
no . 

Glass 

sys'tem 

( J -{“ 

(eV) 

Po 

( ohm-cm ) 

1 


0.67+ 0.19 

3 X lO ^ 

2 

IG3 

0.49 + 0,21 

2.3 X lo" 

3 

HIG3 

0.07 + 0.04 

3 .2 



TABLE 

3.6 A c tiv ati on 

energy (Q) and pre -exponential (Po) 


factors for 

glass composition 

no . 4 

SI. 

Glass 

Q + A Q 

Po 

No. 

system 

(eV) 

(ohm-cm ). 

1 

g4 

0.73 + 0.20 

2.35 

2. 

IG4 

0.53 j- 0.22 

14 .44 


HIG4 

0 .01 -VO .007 

1 .54 X lO^ 


TABLE 

3,7 Activation 

energy (Q) and pre 

-exponential ( Po) 


facto is for glass composition 

no . 5 . 

Si. 

No. 

Glass 

system 

Q + 

(eV) 

( ohm-cm ■) 

1 

g5 

0.66 + 0.23 

3.4 X 10^ 

2 

IG5 

064 + 0.17 

1.32 X lo“' 

3 

HIG5 

- O.OOl -V 0.003 

77.1 
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of the glass structure ( Mechanical energy) to the activation 
energy’" can be neglected. The only barrier to the activation of 
ions v/ill then be due to electrostatic constraints. In such 
a situation larger ions ( silver in this case) should have l 0 T^;■er 
activation energies. 

In virgin glass systems G the conduction is due to lithium 
ion migration. 3.0 as the lithium content increases the conduct- 
ivity increases. 

The ion exchanged glass systems shOv'/ further decrease 
in the value of activation energy and resistivity that is- 
because in ion exchanged systems the majority of conducting 
species are silver ions and silver ions being larger in size 
result in further lessening of the netvrork structure and therefore 
the activation barrier goes further down resulting in higher 
value of conductivity. 

The switching of the ion exchanged glass saraples is believed 
to occur because of the formation of links between disconnected 
portions of the silver rich phases after ion exchange under the 
driving force of the' suitable combination of electric field and 
temperature , The growth of the connecting path between silver 
rich phases takes place because of a lovjering of the thejrmo- 
dvnamic free energy due to the formation of the such silver- 
rich phase. The theory of the grox* 7 th rate has been developed by 
(Turnbull 1956) according ter that expression for growth rate U 
is given by : 
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U 

x-rhere X 

V 


k 


T 


<=• k V exp ( - — ) . , (3.2) 

3<T 

is the thickness of one atom layer of the 
gro^dng phase ,, 

is the vibrating frequency of the ion , 

is the activation energy for ionic diffusion diffusion 

across the inte.rface between the tv/o phase s^ 

is the Bo Item an constant and , 

is the absolute temperattirs . 


The equ. 3,2 has been derived under the assumption that 
inequality V/AP^ /»kT holds in the present case where V is 
the volionxe of one ion and ^ P^ is the change in free energx^ per 
unit volume for the concerned phase transformation. 

VThon the electric field E is applied the expression for 
growth rate will be : 



Ug cS ^ V exp-.[ ^ ' •• (3.3) 

The critical growth rate at which successive silver-rich 
regions form a connected high conducting path could be achieved 
either at a critical__e_lectri_c field E^ or atV;^ critical tempera- 
ture T(^. From equ. 3.2 and 3.3 can be solved to give 

£VF T 

E - j 1 1 ,. (3,4) 

e k ■ T^ 

The decrease in £,3 as a function of T as predicted by equation 
3.4 has been experimentaly observed for v,systcm's ITIGrl. and HIG2 (Pic 
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The dependence Is however not linear. This could arise because 
of the presence of a range of AP values for the ionic move- 
raent from the matrix phase to the product phase. This has been 
shown to exist for oxide glasses by Taylor (1957) . 

The very low activation energy in high conducting state 
of the ion exchanged sample could be explained on the basis of 
co-operative raotion of silver ions in the newly formed inter- 
connected silver rich phase. The large concentrations ef silver 
ions in this state will lead to a state where some of the saddle 
point positions are also occupied by the silver ions. The ionic 
transport in such a case arise due to movement of a pair of silver 
ions ( one in the saddle Jjoint position and other in the equli— 
brium position) together under the influence of the applied 
electric field giving rise to low activation energ^^ values. The 
activation energy?- values and the electrical conductivity values 
both in un switched and sv/itched states- are comparable to the 
values reported in the literature for -the fast ion conduction ■ 
glasses ( Tuller et al 1980) . 

The glass composition G2 comprising of 30 mole Li20/ 

12 mole % ZnO and rest Si02 shows a kinb in conductivity versus 
temperature curve . The kink appears around temperature T^ = 140° 
The behaviour above T^ can be explained on the basis of formation 
of percolating path in several disjointed phases of the tvro phase 
micro structure . The conduction is due to lithiuni ion migration 
throirgh the connected path thus formed in disconnected portions 
of the matfix. This explanation however is subjected to confir- 
mation by taking electron micrographs and analysing the two phase 
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micro structure . 

The exact mechanism below is not clear at this stage. 

Two possi?oilities could be envisaged viz. 

( i) There is a third interconnected phase in the system having 
a different structure from that of matrix phase or (ii) Electron 

f - I 

or electron-hole conduction due to the presence of Zn and Zn 
in this system ( Kingrey) . 

3.5 POIJ^RIZATIOIX ^IEAS^JT.E■L■^ENTS : 

The polarisation studies have been conducted as dis- 
cussed in section 2,8. The graphite paint ( Pol aron Equipment 
Ltd., England) has been used as blocking electrode on one face 
of the sample which blocks the ionic conduction as against the 
silver paint on the other face of the sample which replenishes the 
silver ions . 

The I-V characteistics for Ag/TIIG/C ‘ systems show that the 
current decireases v/ith time in blocking electrode measurements. 

This arises because of increase in resistance of sample due to 
polarization. At first current decreases very rapidily because 
as soon as the voltage is impressed upon the sample, it gets 
polarized and further lapse of time does not result in any apprecia- 
ble polarisation of sample and current approaches a constant value, 
Figuxe 3.22 to Figure 3.25 are the I-V characteristics for 
systems Ag/tilGl/C'^ Ag,d'iIG2/c''' , Ag/HIG3/c'‘" and Ag,/i-IIG4/C ‘ res- 
pectively and Figure 3.26 to Figure 3.29 are their corresponding 
current versus time plots. 
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Fig. 3.24 Current -Voltage characteristics for polari- 
zatiorv cell Ag/H1G3/C* (T = 26®C) 
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Fig. 3.25 Current- Voltage characteristics for polari- 
zation cell Ag/HIGA/C* (T = 27®C) 
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Fig. 3.26 Current as a function of time for system 
Ag/HIG1/C*(T = 26‘’C) 
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Fig. 3.28 Current as a function of time for system 
Ag/HIG3/C* (T = 26®C). 
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Fig. 3.30 Temperature variation of electric field 
(Ec) for glass system IG1 and IG2. 
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3.5,1 DISCUSSION: 

The decrease of current with time 'first rapidly and 
then slowly" for Ag/HIG/C ' system for all glass compositions .. 
suggests that the ionic conductivity dominates in high conducting 
state lithium containing silicate glasses and electronic con- 
duction is small since for the electronic conductivity to be 
dominant the I-V characteristics should not have shown such 
behaviour. If electronic conductivity is dominant current 
remains constant in time since the resistance of the circtait 
( Fig, 2,3 ) does not change appreciably. 
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CHAPTER 4 

CONCLUSION AND FUTURE SCOPS OP WORK 

Prom the results of the present investigation the 
following conclusions may be arrived at: 

1) The highest conducting glasses are generally Agl based and 
contain 70-80 mole /'i of silver j none of them is silica based. : 
But in the present investigation it has been established that a 
new class of high conducting glasses v;hich are silica based can b^ 
developed by subjecting silica based glasses containing about 

3o mole % '^^ 2 ^ Lithium silver ion exchange . 

2) The effect of electric field on the phase morphological change 
in oxide glasses has been studied by Do Vebey and Majumdar 1970’ 
In the present glass systems it appears that the formation of higl 
conducting state is brought about by formation of an interconnect" 
silver— rich phase under the combined influence of temperature and 
a suitable electric field ( Chahravorty and Shrivastava 1986) , 

3) The decay of current with time in all the samples in blocking 
electrode measureiaent convincingly confirms that in such glass 
systems conduction is essentially ionic in nature. 

The followings are the suggestions for the future vjork in 
this area of research. 

1) The Lithium containing silica based glasses can be subjected t 
the ion exchange of other metal ions such as copper and the 
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effect of this treatment on the conductivity can be investigated, 

2) The high conducting state in the present glass systems is 
explained- on the basis of formation of an interconnected silver 
rich phase between disjointed silver rich and silver deficient 
phases. This filament formation can be investigated by several 
techniques such as scanning electron microscopy and transmission 
electron microscopy, 

3) The effect of additon of sine oxide in the lithivim containing 
silicate glasses on the conductivity is not clear at this stage 
and can be further investigated. 
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